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Abstract 
Our aim is the development of a solar collector cover with temperature-controlled solar light transmittance in order to protect 
plastic solar collectors against overheating and to prevent collector damage during stagnation. The temperature-dependent 
reduction of solar transmittance is based on an increase of backscattering of the incident solar radiation (thermotropism). The 
thermotropic materials consist of two components: 1) a thermotropic additive, namely submicron-sized core-shell particles 
containing a phase-change material, and 2) an appropriate transparent matrix polymer. Thermotropic samples based on three 
different matrix polymers (UV-curable cast resin, EVA and PVB) were prepared as sandwich laminates according to industrially 
relevant processes. Temperature-dependent measurements of the total solar transmittance reveal absolute differences of up to 
28 % between OFF and ON state. 
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1. Introduction 
Despite rising prices for conventional energy sources the European solar thermal market has been declining for 
several years [1]. High acquisition costs of solar thermal systems prevent their further expansion. Therefore, the 
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solar industry has made intensive efforts to reduce production costs of solar panels drastically. The rising world 
market prices for common raw materials (e.g. copper) run contrary to these efforts [2]. In addition, the current 
collector production is still relatively complex and less automated due to a variety of different materials and 
components. Against this background, the use of plastics offers several benefits, including a reduced weight and a 
simplified installation. Modern processing methods allow the production of complex shapes and a combination of 
different plastics in a single processing step. This reduces material requirements and the number of collector 
components. 
Nevertheless, the use of plastics is also associated with several technological challenges. A determination of the 
thermal load at various collector components has shown that the absorber temperature can rise to above 200 °C [3]. 
However, significant cost reduction can only be realized if standard plastics are predominantly used, possibly in 
conjunction with low-cost engineering plastics. Due to the low heat resistance of standard plastics appropriate 
measures must be taken to limit the maximum collector temperature to about 90 °C. This temperature is not only a 
maximum temperature for long-term use of standard plastics; it also meets well the requirements for solar water 
heating and heating support. A highly attractive approach to protect solar panels from overheating is the use of 
thermotropic materials [4]. 
2. Concept 
Thermotropic materials have temperature-dependent light scattering properties. They change reversibly from a 
state of high light transmittance (OFF) in a state of low light transmittance (ON) with an increase of temperature. A 
versatile concept for designing novel thermotropic materials has been developed at FRAUNHOFER IAP. The general 
mode of operation is given in Fig. 1 in a simplified and idealized form [5]. A thermotropic additive consisting of 
spherical core-shell particles containing a phase-change material (PCM) is homogeneously dispersed in a 
transparent matrix polymer to form separate domains. The appearance of light scattering is characterized by 
differences in the refractive indices (Δn) of particle core (nc), shell (ns), and matrix (nm). At low temperatures the 
refractive indices closely match (nc ≈ ns ≈ nm) resulting in a material of high light transmittance (OFF). In a specific 
temperature range the refractive index nc decreases significantly due to a phase transition (nc < ns ≈ nm). As a result, 
solar radiation is scattered at the core-shell interface and the material changes into a light diffusing state (ON). 
 
 
Fig. 1. General mode of operation (idealized). 
For overheating protection purposes a high reflection of solar radiation is desired (ON state), i.e. the overall 
scattered radiation has to feature a high amount of backscattering which is mainly controlled by the domain size. 
Considering the spectrum of solar light the ideal domain size is in the range of the solar wavelength (200 – 
2500 nm). The highest backscattering efficiency was found for scattering domain diameters between 200 – 400 nm 
[6]. The backscattering of domains smaller than 200 nm is significantly weaker. However, towards larger domain 
sizes (> 400 nm) the optimum width is relatively broad. For this reason, only small variations in optical properties 
can be expected for domain sizes between 200 – 2500 nm. 
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The general suitability of thermotropic materials for the overheating protection in solar collectors has been 
already demonstrated through simulation studies [7]. For a common collector configuration with double glazing and 
black absorber, the switching temperature should be at around 55 – 60 °C. In order to meet this requirement, we use 
commercial PCMs for encapsulation having a phase transition in this temperature range (section 4.1). 
3. Experimental 
3.1. Thermotropic additive 
Thermotropic additives are synthesized by radical o/w-miniemulsion polymerizations [8] as described in ref. [5]. 
3.2. Cast resin/glass laminates 
A thermotropic cast resin is prepared by magnetic stirring (2 h) of a mixture comprising the spray dried 
thermotropic additive (1 – 7 wt%) and a UV curable resin with appropriate refractive index (TILSE FORMGLAS 
GmbH). 
Small-scale cast resin/glass laminates are manufactured using the well-established technology for laminated 
glass: A double-sided adhesive tape (3M-SCOTCH 4912-F, 3 x 2 mm) is applied to the perimeter of one glass sheet 
(MENZEL, 76 x 26 x 1 mm). A second glass sheet of the same size is placed onto the previously taped sheet creating 
a cavity. The edges are pressed together to form a secure seal. The cavity between the two glass sheets (~ 1.5 mm) is 
filled with the thermotropic cast resin. The cast resin is cured with low-intensity black light for 30 – 60 minutes 
(PHILIPS PL-S 9W/08 Black Light).  
3.3. Thermoplastic processing 
3.3.1. Melt blending 
For melt blending a co-rotating twin-screw bench-top compounder (COLLIN ZK 25 T, TEACH-LINE, screw 
diameter = 25 mm, screw length = 24 x D) with a gravimetric dosing and a strand pelletizer is used. Before 
processing, molding compound (EVA-206 = ESCORENETM ULTRA FL 00206, EVA = ethylene-vinyl acetate 
copolymer, 6 wt% vinyl acetate), thermotropic additive (10, 20 wt% based on the total composition) and dispersing 
agent (30 wt% based on thermotropic additive) are coarsely pre-mixed. After one melt blending step the pelletized 
compound is processed a second time under identical conditions in order to ensure uniform distribution of the 
additive. The processing conditions for melt blending are given in Table 1. 
Table 1. Processing conditions. 
Method Processing conditions 
Melt blending Rotational speed = 20 rpm, Heating zones: HZ1 = 140 °C, HZ2 – HZ5 = 150 °C 
Pre-pressing of films Max. temperature = 120 °C, pressure = 50 bar 
Lamination Max. temperature = 140 °C, pressure = 80 bar 
3.3.2. Lamination 
The preparation of PC/EVA/PC laminates (PC = polycarbonate, MAKROLON® GP clear 099) is carried out using a 
laboratory platen press (COLLIN P 200 M). Before lamination, the thermotropic compound is pre-pressed to a film. 
Therefore, approx. 2.5 g of the pelletized compound are distributed in a press frame (50 x 50 x 1 mm). In a second 
step, the resulting thermotropic EVA film is laminated between two PC sheets (thickness = 2 mm) using a similar 
press frame of 5 mm thickness. Due to limited adhesive properties of EVA-206 an extruded EVA film of higher 
vinyl acetate content (EVA-226 = ESCORENETM ULTRA FL 00226CC, 26 wt% vinyl acetate, ~ 0.1 mm) is used as an 
adhesive film between PC and thermotropic EVA-206. This results in the following sequence of layers: PC sheet 
(2 mm) - EVA-226 (~ 0.1 mm) - thermotropic EVA-206 (~ 0.8 mm) - EVA-226 (~ 0.1 mm) - PC sheet (2 mm). 
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Both, pressing and lamination, occurs between two release films of PET and two chrome-plated, highly polished 
brass plates. The processing conditions for pre-pressing and lamination are given in Table 1. 
3.4. Spectroscopic methods 
All transmittance measurements of thermotropic samples are performed in the wavelength region of solar 
radiation (280 – 2500 nm) using a dual-beam spectrophotometer (JASCO V-670) equipped with a temperature-
controllable sample holder. Concerning the transmittance properties of materials a distinction has to be made 
between normal-hemispherical (nh), normal-normal (nn) and normal-diffuse (nd) transmittance (Fig. 2). The 
normal-hemispherical transmittance is the realistic case for radiation entry through a solar collector cover. For 
normal-hemispherical measurements an integrating sphere (60 mm, internally coated with white barium sulfate) is 
used to detect all forward scattered radiation. A solar optical characterization of thermotropic samples is carried out 
on the basis of the transmittance parameters specified in Table 2.  
 
 
Fig. 2. Principles of transmittance measurement. 
Table 2. Transmittance parameters. 
Parameter Calculation 
Tsolnh  
Tsolnn 
Normal-hemispherical (nh) and normal-normal (nn) transmittance in the solar wavelength range (280 – 2500 nm) specified 
as percentage, considering the normalized relative spectral distribution of the global radiation according to EN 410 [9]. 
Tsolnd 
Normal-diffuse (nd) transmittance in the solar wavelength range (280 – 2500 nm) specified as percentage and calculated 
according to Tsolnd = Tsolnh – Tsolnn. 
' abs Absolute difference between OFF and ON state specified as percentage and calculated according to  ' abs = Tsolnh(OFF) – Tsolnh(ON). 
' rel Relative difference between ON and OFF state specified as percentage and calculated according to  ' rel = 100 – [Tsolnh(ON)/Tsolnh(OFF)*100] representing the reduction of transmittance based on Tsolnh(OFF). 
4. Results 
4.1. Thermotropic additive 
In general, chemical compounds exhibiting a solid-liquid phase transition in the relevant temperature range (also 
known as “phase change materials” or PCMs) can be used as the thermotropic component. For several reasons 
paraffins (mixtures of long-chained alkanes) are particularly suited as PCMs: 
x Compatibility: Paraffins are chemically inert and fully compatible with the preparation method of the 
thermotropic additive via miniemulsion polymerization (i.e. no side reactions) 
x Switching temperature: Within the relevant temperature range the phase transition temperature (i.e. the 
switching temperature) can be changed by variation of the chain length and/or the mixing ratio of alkanes with 
different chain length. 
x Refractive index: In the solid state (OFF) paraffins have a refractive index similar to several potential matrix 
polymers. The relatively high volume change of paraffins during the solid-liquid phase transition induces a high 
difference between the refractive indices of the solid and liquid state ('n = 0.07 – 0.10). 
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x Economic efficiency: Paraffins are low-priced mass-produced goods (candles, additives in cosmetics, etc.).  
x Environment: Paraffins are ecologically compatible, non-toxic, and odorless. 
 
Subject of our investigations are paraffins from RUBITHERM. The product RUBITHERM RT is available in a wide 
range of operating temperatures from -10 to 90 °C. Due to their high purity and special composition melting and 
solidification occurs at a nearly constant temperature and in small temperature ranges. However, after encapsulation 
to submicron particles RUBITHERM RT exhibits supercooling to a less extent. The solidification occurs at 
temperatures 5 – 10 K below the melting point. This leads to a thermo-optical hysteresis of the corresponding 
thermotropic material, i.e. the ON→OFF switching during cooling occurs at lower temperatures than the OFF→ON 
switching during heating. Addition of a nucleating agent with a solidification temperature significantly higher than 
that of the paraffin (> 20 K) prevents supercooling. During cooling of the liquid paraffin the nucleating agent forms 
an initial nucleus around which the paraffin can solidify. For paraffins with a melting temperature in the desired 
switching range long-chained n-alcohols with melting temperatures above 90 °C have proven to be successful 
nucleating agents. Only small amounts of these alcohols are necessary (≤ 5 wt% of the core mass). Technical 
products (UNILINTM from BAKER HUGHES) are preferably used for economic reasons.  
For the preparation of paraffin-containing particles a versatile encapsulation technique was developed at 
FRAUNHOFER IAP. This preparation method is based on a radical miniemulsion polymerization [8] and allows the 
formation of submicron-sized particles with well-defined core-shell morphology also on an industrial scale. After 
polymerization the product is isolated via spray drying. Unlike many other separation methods spray drying removes 
only water. Thus, all auxiliary agents (surfactants, etc.) used during particle synthesis are still present in the final 
product. A free-flowing powder is obtained that is – in contrast to pure paraffin – still solid throughout the relevant 
temperature range and thus easily processable in further steps.  
Miniemulsion polymerization allows to control the particle size in the submicron size range. For this purpose, it 
is necessary to adjust the proportions of the involved components, namely the surfactant amount and the core/shell 
ratio (Table 3):  
x A higher surfactant fraction reduces the droplet size of the aqueous miniemulsion and therefore the resulting 
particle size. 
x A reduced particle size results in an increase of total surface area. Thus, the shell fraction is increased to secure a 
complete coverage of the thermotropic component (paraffin + nucleating agent). 
As a result, with decreasing particle size the mass fraction of the thermotropic component located in the particle 
core is reduced. 
Table 3. Thermotropic additives I – III. 
Additive Core 1 Shell Core/shell ratio [wt%] 
Mass fraction [wt%] 2 Particle  
diameter 3 
Switching 
temperature 4 Core Shell Agents 
I RT65/U550  
= 95/5 Cross-linked 
(meth)acrylate 
80/20 74 19 7 1.72 μm 50 – 65 °C 
II 60/40 50 33 17 0.76 μm 50 – 65 °C 
III RT31/RT42/U550 = 47.5/47.5/5 60/40 50 33 17 0.76 μm 30 – 40 °C 
1: RT31, RT42, RT65 are paraffins from RUBITHERM; U550 is UNILINTM 550 from BAKER HUGHES. 2: Mass fractions of core (paraffin + 
nucleating agent), polymer shell and auxiliary agents (surfactants, etc.) in the spray-dried additive estimated from the mass ratios of the 
precursor compounds. 3: Median particle diameter (mass median diameter D50) determined by laser diffraction. 4: Switching temperature 
range can vary slightly depending on the matrix polymer. 
 
The studies presented herein focus on three additives containing core-shell particles with mean diameters of 1.72 
μm (I) and 0.76 μm (II, III) which are prepared under the rules mentioned above (Table 3). In additives I and II 
particle core and shell have the same chemical composition, but vary in the mass fraction of core, shell and auxiliary 
agents due to their different particle size. Additives II and III only differ in the core material, i.e. in the switching 
temperature. 
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4.2. Cast resin/glass laminates 
Two series (A and B) of seven cast resin samples with increasing additive content (1 to 7 wt%) were prepared. 
Both series differ in the particle size of the additive (A: I = 1.72 μm, B: II = 0.76 μm). The switching temperature 
was determined through measuring the temperature-dependent normal-normal transmittance. A good correlation 
with the desired switching temperature range for overheating protection in solar collectors (55 – 60 °C) [7] is 
obtained with RT65/U550 as core material (Fig. 3, (a)). The corresponding cast resin laminates are characterized by 
a low thermo-optical hysteresis and a good reversibility (i.e. similar transmittance values in the OFF state before and 
after one switching cycle). 
 
  
Fig. 3. (a) Temperature dependent normal-normal transmittance at 600 nm of sample B-4 during heating and cooling between 10 and 95 °C;  
(b) normal-hemispherical transmittance spectra of sample A-5 at 20 °C (OFF state) and 80 °C (ON state). 
The temperature-dependent solar transmittance values (normal-hemispherical, normal-normal, normal-diffuse) of 
both series are given in Table 4. The integrated values Tsolnh and Tsolnn are determined from the corresponding 
transmittance spectra, whereas Tsolnd is calculated according to Tsolnd = Tsolnh – Tsolnn (cf. Table 2). For 
comparison, a pure resin laminate without thermotropic additive (A/B-0) was characterized analogously. The 
following observations can be made: 
In both sample series the total solar light transmittance in the OFF state (Tsolnh[OFF]) is slightly reduced with 
increasing additive content. For a given content all samples A have slightly higher Tsolnh[OFF] values than the 
corresponding samples B. The high amount of polymer shell and auxiliary agents in additive II apparently leads to a 
lower total solar transmittance predominantly due to absorption. 
All thermotropic samples are transparent but not perfectly clear in the OFF state (cf. sample A/B-0). The diffuse 
transmittance Tsolnd[OFF] rises with increasing additive content. This should be mainly due to a non-perfect 
refractive index matching between particle core, shell and polymer matrix. However, for a given additive content the 
Tsolnd[OFF] values of A are significantly higher than those of samples B. This is in good agreement with simulation 
studies based on MIE theory after which larger particles scatter more intensively and primarily in the forward 
direction [6]. Consequently, a thermotropic glass based on additive I is less suitable for solar control windows since 
forward scattering lowers the transparency of the glass. Here, a high transparency in the OFF state is required to 
ensure a visual contact with the outside. 
The absolute difference between OFF and ON state of Tsolnh (' abs) rises considerably with increasing additive 
content reaching a maximum at a content of 5 wt%. However, a further increase of the additive content leads to a 
slight reduction of ' abs. The best switching performance exhibits sample A-5. The high mass fraction of the 
thermotropic core component in additive I (Table 3) evidently has a positive effect on the switching performance. 
The corresponding normal-hemispherical transmittance spectra of sample A-5 are given in Fig. 3 (b). With respect 
to Tsolnh(OFF) the most significant reduction is obtained with sample A-7 (' rel > 40 %). 
(a) (b) 
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For solar collector applications a reduction of Tsolnh by at least 25 % is necessary [7]. This requirement is 
fulfilled by samples A-4 to A-7.  
Table 4. Solar optical parameters of thermotropic cast resin samples A-1 – A-7 and B-1 – B-7. 
Sample Additive [wt%] 1 
Tsolnh [%] 2 Tsolnn [%] 2 Tsolnd [%] 2 
OFF ON 'abs 'rel OFF ON OFF ON 
A/B-0 0.0 84.5 - - - 82.8 - 1.7 - 
A-1 I, 1.0 84.3 76.0 8.3 9.9 60.4 3.7 23.9 72.3 
A-2 I, 2.0 80.2 60.5 19.7 24.6 43.3 0.80 36.9 59.7 
A-3 I, 3.0 77.9 54.5 23.4 30.0 33.8 0.43 44.1 54.1 
A-4 I, 4.0 75.1 48.2 26.9 35.9 26.6 0.24 48.5 48.0 
A-5 I, 5.0 72.1 44.6 27.5 38.2 21.8 0.17 50.4 44.4 
A-6 I, 6.0 70.0 42.8 27.2 38.9 16.0 0.14 54.0 42.6 
A-7 I, 7.0 66.8 39.7 27.1 40.5 12.4 0.11 54.3 39.6 
B-1 II, 1.0 80.8 71.4 9.4 11.6 71.9 8.2 9.0 63.3 
B-2 II, 2.0 77.7 60.2 17.5 22.5 61.5 2.3 16.2 57.9 
B-3 II, 3.0 73.9 51.3 22.6 30.6 53.5 0.95 20.4 50.4 
B-4 II, 4.0 71.3 47.0 24.3 34.1 47.0 0.50 24.3 46.5 
B-5 II, 5.0 69.7 45.3 24.4 35.0 42.9 0.35 26.8 45.0 
B-6 II, 6.0 66.1 41.8 24.3 36.8 37.2 0.22 28.9 41.6 
B-7 II, 7.0 64.7 41.3 23.4 36.2 33.6 0.18 31.1 41.1 
1: Additive content in wt%; see also Table 3. 2: OFF = 20 °C; ON = 80 °C; for further details on the 
definition of the optical parameters see Table 2. 
 
4.3. EVA/PC and PVB/glass laminates 
Unlike most of the known thermotropic systems the concept presented here is suitable for several matrix 
polymers. The thermotropic material described in section 4.2 uses a UV-curable cast resin as matrix polymer that is 
laminated between two glass sheets. However, from an economic point of view thermoplastics, such as ethylene-
vinyl acetate copolymer (EVA) or polyvinyl butyral (PVB), are much more attractive allowing a large-area 
production via industrial processes, e.g. plastic film extrusion, lamination and/or coating. Furthermore, EVA and 
PVB are already well-established plastics in solar applications, particularly as encapsulation materials in solar cells 
[10].  
Therefore, customized thermotropic additives have been developed that are stable under the processing 
conditions of the particular matrix polymer. During thermoplastic processing the particle shell has to work as a 
barrier inhibiting migration processes of the liquid paraffin. Thus, the tightness of the polymer shell has to be 
improved by the introduction of hydrophilic groups and by a high cross-linking density. 
Based on additive II two PC/EVA/PC sandwich laminates (C-1, C-2) of different additive content were prepared 
by melt blending and lamination. The thickness of the thermotropic layer (~ 0.8 mm) is much lower than in cast 
resin laminates (~ 1.5 mm). In order to obtain comparable switching characteristics the additive content was chosen 
higher (10, 20 wt%). According to the present state, a transmittance reduction ' abs of nearly 15 % is achieved 
(Table 5). However, Tsolnh[OFF] is currently still too low for solar collector applications. 
Very promising results were achieved using PVB as matrix polymer. For initial studies additive III with a 
switching temperature between 30 – 40 °C is used (Table 3). A glass/PVB/glass sandwich laminate D was fabricated 
according to standard technologies, namely flat film extrusion of PVB/plasticizer/additive mixtures followed by 
lamination of two thermotropic PVB films (0.5 mm each) between two float glass sheets (3 mm). Neither an extra 
melt blending step nor the addition of dispersing agents is necessary to achieve a homogeneous distribution of the 
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thermotropic additive (Fig. 4 (b)). Sample D gives a transmittance reduction of > 20 % with an additive content of 
7.5 wt% (Table 5). The corresponding normal-hemispherical spectra are characteristic for standard (iron-containing) 
float glass (Fig. 4 (a)). 
The investigations with EVA and PVB as matrix polymer are still at the beginning. Significant improvements are 
expected in the near future. 
Table 5. Solar optical parameters of thermotropic PC/EVA/PC laminates C-1 & C-2 (additive II) and 
thermotropic glass/PVB/glass laminate D (additive III). 
Sample Sequence of layers [mm] 1 Additive [wt%] 2 
Tsolnh [%] 3 
OFF ON 'abs 'rel 
C-1 PC/EVA-226/EVA-206/EVA-226/PC 
= 2.0/0.1/0.8/0.1/2.0 
II, 10 62.6 50.8 11.8 18.8 
C-2 II, 20 55.8 40.9 14.9 26.7 
D float glass/PVB/float glass = 3.0/1.0/3.0 III, 7.5 65.6 45.2 20.4 31.1 
1: The thermotropic layer is given in bold letters. 2: Additive content in wt% based on total mass before melt 
blending (C-1, C-2) and flat film extrusion (D), respectively; see also Table 3. 3: OFF = 20 °C; ON = 80 °C; for 
further details on the definition of the optical parameters see Table 2. 
 
  
Fig. 4. (a) Normal-hemispherical transmittance spectra of sample D (float glass/PVB/float glass) at 20 °C (OFF state) and 80 °C (ON state); 
(b) scanning electron microscopy (SEM) image of a PVB film containing additive III using cryosection. 
5. Summary and conclusions 
In this paper, the preparation and solar optical characterization of thermotropic materials based on three different 
matrix polymers (UV-curable cast resin, EVA and PVB) is described. The thermotropic material consists of well-
defined core-shell particles with dimensions similar to solar wavelengths that are homogenously dispersed in a 
transparent matrix polymer. A mixture of paraffin and nucleating agent in the particle core is responsible for the 
thermotropic switching behavior. Due to a temperature-dependent solid-liquid phase transition in a specific 
temperature range the refractive index of the core material changes considerably leading to scattering effects at the 
core-shell interface. As a result, the thermotropic material changes reversibly from a state of high solar light 
transmittance (OFF) into a state of low solar light transmittance (ON). 
All samples were prepared as sandwich laminates either between glass (matrix = cast resin, PVB) or 
polycarbonate (matrix = EVA) according to well-established technologies. This provides the basis for a further 
development towards large-area production via industrial processes. 
The optical properties were found to be significantly dependent on the additive content, the mass fraction of 
thermotropic core material, and the particle size as demonstrated by means of two series of cast resin samples (A 
and B). Within these investigations, the most significant change of the total solar transmittance in the desired 
(a) (b) 
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switching range of approx. 55 – 60 °C is realized with cast resin sample A-5 containing 5 wt% of additive I with a 
high amount of core material ('abs = 27.5 %). 
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